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Abstract
Objective: The hypothesis that the adaptation to endurance exercise training included a faster increase in blood flow at the onset of
exercise was tested in 12 healthy young men who endurance-trained (ET) 2 h/day, for 10 days at 65% 90, peak on a cycle ergometer,
and in 11 non-training control (C) subjects. Methods: Blood flow was estimated from changes in femoral artery mean blood velocity
(MBV) by pulsed Doppler. Beat-by-beat changes in cardiac output (CO) and mean arterial pressure (MAP) were obtained by impedance
cardiography and a Finapres finger cuff, respectively. MBV, MAP and CO were measured at rest and during 5 min of dynamic knee
extension exercise. Both legs worked alternately with 2 s raising and lowering a weight (15% maximal voluntary contraction) followed by
2 s rest while the other leg raised and lowered the weight. Results: In the ET group the time to 63% (TaaS) of the approximately
exponential increase in MBV following 10 days of training (8.6 f 1.2 s, mean f se.) was significantly faster than the Day 0 response
(14.2 f 2.1 s, P < 0.05). The T& of femoral artery vascular conductance (VC,) was also faster following 10 days of ET (9.4 f 0.9 s)
versus Day 0 (16.0 + 2.5 s) (0.05). There was no change in the T6aok of both MBV and VC, for the C group. The kinetics of CO were
not significantly affected by ET, but the amplitude of CO in the adaptive phase, and at steady state, were significantly greater (P < 0.05)
at Day 10 compared to Day 0 for the ET group with no change in the C group. Conclusions: These data supported the hypothesis that
endurance training resulted in faster adaptation of blood flow to exercising muscle, and further showed that this response occurred early in
the training program.
Keywords:

Blood flow; Cardiac output; Exercise; Vascular conductance; Human

1. Introduction

Endurance training is associatedwith improvements in
oxygen transport due to larger cardiac stroke volumes [l]
and higher capillary density [2] within the trained muscle.
Whereas the increase in capillary density appears to require

prolonged

training

[2], improvements

in the func-

tional vasodilation of arterioles in rats [3] and in cardiac
performance in humans [4] have been observed with 6-12
days of training.
Although it has been well establishedthat the aerobic
metabolic system adapts more rapidly to the demandsof
constant

load

exercise

following

a training

period

[S],

neither the duration of training required nor the mechanism

has been established.Perhapsthe faster increasein oxygen
uptake (V02) is a function of a more rapid increasein total
cardiac output and blood flow to the active muscles.
Adaptations to the kinetics of muscleblood flow following
training have not been investigated.
In the present study we have used pulsed Doppler
ultrasound to obtain beat-by-beat measures of femoral
artery mean blood velocity (MBV), an estimate of blood
flow [6], during dynamic knee extension exercise (KE) to
test the hypothesis that 10 days of cycle ergometer endurance training will produce faster blood flow responses
to the active limbs in exercising man. These responses
were quantified by fitting the time course data to exponential models

which

provided

information

regarding

the ki-

netics of the MBV response. Cardiac output (CO) and
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Time

for primary
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mean arterial pressure (MAP) were also measured to provide insight into the mechanism(s) that might regulate a
more rapid increase in MBV after ET.

2. Methods
2.1. Subjects

2.2. Experimental apparatus and exercise protocol

The experiment required that subjects perform knee
extension (KE) exercise in a seated position with the hips
extended to - 120”. In addition to instructions to remain
as still as possible during the testing procedure, body
motion was further minimized by strapping the subject to
the chair with one belt placed under the axilla and another
strapped across the anterior superior iliac spines. The latter
strap was modified so that pressure was placed evenly on
the anterior superior iliac spines allowing unimpeded blood
flow through the femoral artery. After 10 min of seated
rest a 1 ml blood sample was collected by venipuncture of
an antecubital fossa vein for the determination of haematocrit. The haematocrit values were used to correct calculated stroke volumes determined by impedance cardiogra-

Table 1
Subject characteristics, 90, peak and haematocrit (Hct)
JzT(n= 12)
ctn= 11)

Age(yr)
Height (cm)
Weight (kg)
90, peak(l/min) (Day 0)
90, peak(l/min) (Day 10)
Hct (%) (Day 0)
Hct (96) (Day 10)

23.2zt 1.0
176f4
76.252.8
3.47f .14
3.57f0.14 *
45.0 f 0.7
43.4f 1.0

27.2f0.3
176f3
75.4 f 2.0
3.37*0.10
3.32f0.10
44.9 f 0.1
44.1-f: I.0

Values are meanf s.d. ET = endurance-trained group; C = control
group. Significantly different from pre-training GOZpcak(P < 0.05).
l
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phy (see below). Following u 20 min of seated rest the
first trial began. In each experimental session the subjects
performed four KE trials each of which consisted of 1 min
rest followed by 5 min KE exercise. At least 5 min of rest
occurred between each trial. To diminish the effects of
anticipation on the cardiovascular responses the subjects
were not aware of the time in any trial; they were simply
told when to begin and to end the exercise.
Knee extension exercise involved lifting and lowering a
weight equivalent to 15% of each subject’s predetermined
maximal voluntary isometric contraction (MVC). The
weights used ranged between 8 and 12 kg and were fixed
to the ankle by a cable and pulley mechanism. The exercise was performed through 35” of knee extension (- 100”
to m 135”) using a ,50% duty cycle where 2 s of active
extension and flexion was followed by 2 s of rest; therefore, 15 contraction cycles were produced each minute by
each leg in an alternating pattern so that while one leg was
extending and flexing, the other was relaxing. A timed
light signal provided the subjects with a constant exercise
cadence. Previous pilot work in our laboratory, and work
by Wallow and Wesche [7], have shown this cadence to be
adequate for maximizing exercise blood flow while minimizing the post-exercise hyperaemia.
During the KE sessions, subjects were advised, and
periodically reminded, of the need to fully relax the
quadriceps muscle group of the non-working leg. Auditory
feedback of the MBV signal was provided and the subjects
were coached according to the type of sounds indicative of
both relaxed and contracted muscle.
As much as possible, each subject was tested at the
same time of day and all subjects were advised to maintain
equivalent conditions of diet and rest on the day of, and
the day prior to, each testing session. In addition, all
subjects abstained from caffeine for 24 h, and did not eat
for 3 h prior to each test.
2.3. Experimental design

The ET group performed cycle ergometer training for 2
h/day, 4-5 days/wk for a total of 8-10 training days.
Training intensity was set at 65% VOzpeak. The C group
maintained their levels of activity required for daily functions but did not perform any endurance training. The KE
tests for both groups were performed prior to the commencement of training (Day 0) and after 10 days (Day 10).
2.4. Data acquisition

Femoral artery MBV was determined from the spectra
of a pulsed-Doppler ultrasound signal (model 5OOV, Multigon Industries, Inc., Mt. Vernon, NY). A flat probe with
an operating frequency of 4 MHz was fixed to the skin
over the common femoral artery 2-3 cm distal to the
inguinal ligament. This position eliminated the contribution of blood flow directed to the abdominal muscles
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Two groups of active, but untrained, healthy men volun
teered for the study. One group performed endurance
training (ET) (n = 12) and the other acted as a control (C)
(n = 11). The volunteers indicated that they were free of
any form of cardiovascular or musculoskeletal disease, and
none was currently on any medications as assessed by a
medical history. The average ( f standard deviation) physical characteristics of the subjects are described in Table 1.
Although the participants were not randomly assigned to
the experimental and control groups, care was taken to
insure that they were similar in physical and physiologic
characteristics. After receiving a complete description of
the experimental protocol and potential risks, each subject
provided signed consent to the testing procedures on a
form approved by the Office of Human Research at the
University.
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2.5. Data analysis: kinetic parameters

The mean resting MBV was not different over four
repeated trials separated by 5 min. Therefore, the random
noise component of beat-by-beat measures was reduced by
ensemble averaging the MBV, MAP, and CO data collected from all four trials at both the Day 0 and Day 10
times to produce a single data set for each subject on each
test day. In this procedure, the data for the files to be
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averaged are time-aligned and values from each trial for a
given 1 s time span are averaged.
In order to quantify and compare the time courses of
MBV, VC, and CO responses with training, exponential
curves were fitted to the time series data from the averaged
data set. Inspection of the raw data suggested that both
MBV and VC, responded as either a two- or three-component exponential; following the onset of exercise the
early initial rise (first component) was followed by a
plateau between w 10 and 20 s which gave way to a
further rise (second component) towards a steady-state
level which sometimes occurred as an overshoot pattern
(third component). An example of these responses, and the
modelled prediction of the data, is provided in Fig. 1. In
contrast, the CO responses to exercise rose with either a
one- or a two-component exponential pattern.
The MBV response was modelled as a two-component
exponential unless an overshoot (with the resultant pattern
in the residuals) was found. In Day 0 testing 3 of 12 ET
and 5 of 11 C subjects required a three-component model.
After 10 days, 8 of 12 ET and 4 of 11 C subjects required
a three-component model to account for the overshoot in
MBV. A similar pattern resulted for the VC, data. Here, a
two-component model was used for all Day 0 curves for
both ET and C groups whereas a three-component exponential was required for 6 ET subjects compared to one C
group subject on Day 10. None of the CO responses
required the more complex fitting procedure and were
adequately modelled through either a one- or a two-component exponential curve.
The three-component model equation, which incorporates the one- and two-component models, is the following:
y = ybl + AMP, . (1 - e-(r-TDl)/Tl)
+ AMP, . (1 - e-t’-TDz)/Tz) + AMP,
. (1 - ,-(I--TW/r, 1
where yb, is the baseline resting value, TD, and TD, are
the time delays from the onset of exercise to the onset of
the responses of the first and second component, respectively; AMP, is the change in y above yb, in the first
component whereas AMP2 and AMP, represent the change
in y for times after TD, to a predicted steady-state level;
71’ 72, and TV represent the time constants for each
component. In these models TD, was constrained to be
greater than, or equal to, zero and, if the three-component
model was used, TD, = TD,. Therefore, the best-fit curves
and the associated time constants and time delays were
calculated for each of MBV, VC, and CO as described by
Hughson et al. [13]. From these parameters the time to
63% of the increase in the variable under investigation
(T&,
equivalent to mean response time, was calculated
as:
T63%

AMP,
= AMP, + AMP2 + AMP, .(T* +Tb)
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which would occur if the probe was placed proximal to the
inguinal ligament. The angle of the transducer crystal
relative to the skin was 45” and the ultrasound gate was
maintained at full width to facilitate insonation of the total
width of the artery with approximately constant intensity.
With this apparatus we were able to maintain a clear
Doppler signal both at rest and during the KE exercise.
The Doppler shift frequency spectra were processed by a
quadrature audio demodulator [S] which provided the instantaneous mean blood velocity in real time allowing
collection of MBV in A/D units. The quadrature audio
demodulator also generated the appropriate Doppler shift
frequency signals to produce a two-point calibration. Beatby-beat MBV was calculated by integrating the total area
under the instantaneous MBV profile using the marked
QRS complex of the ECG tracing to signal the end of one
heart beat and the beginning of the next.
Mean arterial pressure was obtained by using a pneumatic finger cuff (Ohmeda 2300, Finapres, Englewood,
CO) [9]. The arm and hand from which blood pressure data
were collected were supported at heart level.
An estimate of femoral artery vascular conductance
(VC,) was calculated as the quotient of MBV/MAP
[lo].
This estimate of vascular conductance includes the assumption that MBV is directly and linearly related to
arterial blood flow.
The increase in blood flow to the active limb may be
related to the rate, or magnitude, of change in cardiac
output. Stroke volume was monitored beat-by-beat using
impedance cardiography (Minnesota Impedance Cardiograph, Model 304-B, Surcom, Minneapolis, MN). Four
pairs of spot electrodes were placed about the neck and
about the chest according to standard placement [ll]. A
software program marked the dZ/dt, and stroke volume
was calculated for each heart beat with corrections to
blood resistivity based on haematocrit values taken in each
experimental session [ 121. From the measured values of
CO and MAP, the systemic vascular conductance was
calculated as CO/MAP on a beat-by-beat basis.
The mean impedance (Z,), the rate of change of
impedance (dZ/dr), the electrocardiogram, and the mean
blood velocity signals were all recorded at a frequency of
200 Hz on a microcomputer data acquisition system. These
data were collected continuously for each 6 min trial. The
raw MBV and impedance data were smoothed using a five
heartbeat moving average procedure after which further
analysis occurred.
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3. Results

+ AMP, . (3 + TQ)
3.1. Heart rate

AMP,
+
AMP, + AMP, + AMP3 . (73 + l-l%)
To corroborate the findings of the kinetic analysis, the
amplitude of the MBV response during the on-transient
phase of exercise was determined at the 10 s point of
exercise for the ET group.

The effects of short-term training on MBV, VC, and
CO responses were analyzed by a repeated measures analysis of variance. The general linear model (SAS Institute
Inc. Cory, NC) model was used due to the unbalanced
group sizes. Initially,
a two-way repeated measures
ANOVA was employed with endurance training (ET) and
control (C) as the between-subjects factor and days of
training as the within-subjects factor. The steady-state
baseline (Rest), increase (AMP), and mean response time
(T&l values were the dependent variables. The relatively
large between-subject variance precluded detection of between-group statistical significance. However, within the
ET group, the effect of training was evident when analysed
with a repeated measures one-way ANOVA procedure.
Similarly, a one-way ANOVA with repeated measures was
used to test the effect of training on VOzpcak. In all tests,
the level of significance was set at P < 0.05 and any
differences were further analyzed with the Student-Neumann-Keuls post hoc test. All data are presented as mean
+ standard deviation (s.d.1.
Rest
4o

P > 0.05).
3.2. Mean blood velocity and femoral artery vascular
conductance kinetics

The increase in both MBV and VC, was rapid following the onset of exercise (Fig. 1 and Table 2). For the
control (C) group, there were no differences in the rate of
increase (7&J nor the steady-state exercise amplitude in
either MBV or VC, between the Day 0 and Day 10 test
sessions (Table 2). Similarly, there was no change in the
steady-state exercise amplitude of the increase after training for the exercise-trained (ET) group, but the rate of
increase (7’,‘,s8) for each of MBV and VC, was faster for
Day 10 than Day 0 (P < 0.05, Table 2). Further, MBV
amplitudes for the ET group at 10 s following the onset of
exercise were greater following training (14.1 f 7.3 cm/s)
compared with Day 0 (12.2 + 7.6) (P < 0.05). No differences in MBV amplitudes during the on-transient phase for
the C group were observed. There were no differences in
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Fig. 1. The rate of increase in femoral artery mean blood velocity (left side) and vascular conductance (MBV/MAP)
(right side) is faster following
10
days of 2 h/day endurance training (A) (n = 12) compared with no effect of test day in the control group (B) (n = 11). The data represent the average of
all endurance-trained
or control subjects performing
4 trials each on each test day. All beat-by-beat
MBV data points are plotted for the ET group (A) with
the modelled exponential
curves overlaid on both the Day 0 and Day 10 responses. Tbe average of three data points is displayed in the MBV (B) and the
vc,
plots.
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2.6. Statistical Analysis

Ten days of training resulted in a reduction in both
resting (7 1.6 + 6.3 1 versus 67.3 f 6.2 b/min, Day 0 versus Day 10; P < 0.05) and exercise (90.3 * 6.5 versus
84.1 & 6.61 b/min, Day 0 versus Day 10; P < 0.05) heart
rates. In contrast, no change in heart rate occurred for the
Control group at rest (70.8 f 5.5 versus 72.7 f 8.4 b/min,
Day 0 versus Day 10; P > 0.05) or during exercise (90.4
+ 8.6 versus 88.4 + 9.8 b/min, Day 0 versus Day 10;
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Table 2
Effects of short-term training on the resting (Rest), amplitude of increase at 5 min of exercise (Amp), and the time to 63% (T&
of the increase in
MBV/MAP (VC,), MBV and CO responses to knee extension exercise
Endurance-trained
Control
Day 0
Day 10
Day 0
Day 10
Rest (cm/s/mmHg)
Amp (cm/s/mmHg)

VCfa

T63%

MBV

Cd

Rest (cm/s)
Amp (cm/s)
6)

Rest (l/mitt)
Amp (I/mitt)

co

T63%

ts)

0.10f0.07
0.22*0.10
9.37f3.19

8.07 f 3.36
19.7 f 9.35
14.2~k7.62

8.68 f 4.20
20.9 f 8.7
8.56 f 4.36

5.36 f 1.O
1.42&- 1.0
41.0*34.3

5.43f 1.0
2.15*0.7
*+
25.9 f 14.5

l

l

0.10 f 0.03
0.21*0.10
16.7+ 14.6

0.11 l 0.03
0.23iO.10
19.2& 17.6

8.90 f 3.02
22.6 f 8.95
16.3 f 10.3

9.19f3.02
22.9 f 9.9
17.8k 11.9

5.63 f 1.75.7
1.94*0.70
33.5 f 23.9

4*1.66
I .64 f 0.33
38.9 f 30.5

Values are mean f s.d. MBV = mean blood velocity; MAP = mean arterial pressure; VC, = stimated femoral artery vascular conductance; CO =
cardiac output. Significantly different from Day 0 (P < 0.05). ’ Significantly different from control, Day 10.
l

the steady-state exercise amplitudes
VC, between the C and ET groups.

of either MBV

or

3.4. Cardiac output and systemic vascular conductance
kinetics

3.3. Mean arterial pressure

The increase in CO following the onset of exercise was
a slower response than the changes in MBV and VC, (Fig.
2 and Table 2). For the C group, there were no changes in
T636 or amplitude from Day 0 to Day 10. Although Tb3%
appeared to be faster on Day 10 than Day 0 for the ET
group, this was not significant (Table 2). Because the
steady-state exercise amplitude of CO was, first of all,
significantly greater on Day 10 than on Day 0 in the ET
group, and secondly, greater in the ET group compared
with C on Day 10 (P < 0.05, Table 2), we decided to

From rest to exercise, there were small, non-significant,
changes in MAP that were unaffected by training. For the
C group, the respective rest and steady-state exercise MAP
values of 93.1 + 8.3 and 105 f 15 mmHg on Day 0 were
greater than 85.7 f 5.3 and 95.0 f 7.3 mmHg on Day 10
(P < 0.05). Corresponding values for the ET group were
88.4 f 6.6 and 95.1 f 9.4 mmHg on Day 0, and 86.4 f 6.6
and 92.4 It 8.0 mmHg on Day 10.
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Fig. 2. The amplitude of both cardiac output (left side) and systemic vascular conductance (CO/MAP) (right side) for the endurance-trained group (A) was
greater on Day 10 compared with Day 0 whereas no effect of test day was observed in the control group (B). Cardiac output on Day 10 was significantly
greater (P < 0.05) at a sampled time point (20 s) and throughout steady-state exercise compared to Day 0 for the trained group. The data represent the
average of ah endurance-trained or control subjects performing 4 trials each on each test day and the average of three data points is plotted for all
responses.
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3.5. Haematocrit

and vOlpeak

Haematocrit was unchanged in both ET and Control
groups (Table 1). Peak aerobic power (VO,,,,,) was increased following 10 days of ET (0.05) but was unchanged
in C (Table 1).
4. Discussion
The major finding of this study was that 10 days of
cycle ergometer endurance training increased the rate at
which femoral artery MBV and VC, adapted to a step
change in submaximal knee extension (KE) exercise as
indicated by Tbs8. Training did not affect the levels of
either MBV or VC, at rest or during steady-state exercise
but, in agreement with the faster kinetics, the amplitude of
the MBV at 10 s of exercise was greater following training. Training also resulted in greater CO during the ontransient and steady-state portions of the KE exercise.
4.1. Methodology
The instrumentation used during the execution of this
study did not permit determination of the diameter of the
femoral artery. Therefore, we were restricted to the use of
MBV to characterize the response of blood flow. MBV can
predict blood flow only if arterial diameter is unchanged
between rest and exercise. This assumption is central to the
conclusions of previous investigations of femoral artery
blood flow during leg exercise [ 14-161.
After completion of the training study, access to an
ultrasound imaging system (Toshiba Model SSH-14OA)
allowed us to determine diameters of the common femoral
artery in four volunteers during acute knee extension exercise identical to that of the current study. A 5 mHz probe
was held over the common femoral artery 2-3 cm distal to
the inguinal ligament and B-mode operations were used to
image the vessel. The angle between the scanning head
and the vessel was adjusted to - 90” to optimize the
quality of the image. At 10 s intervals over 1 min of rest
and between 4 and 5 min of exercise femoral artery
diameters were measured. Each of these diameters was the
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mean of three measures. The results support the assumption of no statistically significant change in conduit arterial
diameters during exercise (9.7 f 1.4 mm> compared with
rest (9.5 & 1.4 mm> despite the small increase ( * 10
mmHg) in arterial pressure. However, it is not known if
short-term training affects arterial diameters in humans or
whether there might be transient changes in arterial diameter on going from rest to exercise. Consequently, the
conclusions of this study are dependent on either no or
equivalent changes in vessel diameter in the ET and C
groups when going from rest to exercise.
The decrease in MAP from Day 0 to Day 10 in the C
group only was unexpected. It is possible that even with
familiarization sessions there was some anxiety during the
first test.
The measurement of MBV could be subject to a number
of methodological problems including probe placement
and motion artifact [ 171. In addition, the experimental
subjects could have become more proficient at doing the
exercise. To counter these potential problems, all measurements were made by the same experimenter after a long
period of learning to place the probe optimally and to
observe the quality of the signal. Having the subjects
familiarize themselves with the KE exercise for 2-3 days
prior to the commencement of the study also enhanced the
quality and repeatability of the measures. Finally, the
consistency of the response in the control group gives
confidence in the interpretation that there was an effect of
exercise training.
Impedance cardiography has been shown to be correlated with other standard methods of CO determination
[l 11. In this study, we evaluated both the time course of
adaptation of CO and the magnitude of change during the
exercise. The mean response times reported here appear to
be slower than those observed previously during two-legged
knee extension exercise [14] but are quantitatively similar
to measurements during upright cycle ergometry [ 181.
Eriksen et al. [ 141 reported simultaneous estimates of aortic
and femoral artery blood flow and showed that the CO
response plateaued within 15 s of the onset of exercise in
contrast to the 2 min or so required in this, and a previous
[19], study. It is possible that the supine posture used by
Eriksen et al. [ 141, or differences in exercise mode, caused
the differences in CO kinetics.
4.2. Effects of exercise training
As indicated in the “Methods”,
the MBV response
incorporated at least two, and sometimes three, phases of
increase. Such a blood flow response has been observed
previously in humans [14] and dogs [20]. but it has not
been quantified and the mechanisms regulating the response have not been formally investigated. Also, the
MBV response is only approximated by an exponential
model. Therefore, care must be taken when interpreting the
results of the curve-fitting procedures to quantify leg MBV
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examine an earlier point in the CO response. For the ET
group, the amplitude of CO at 20 s after the onset of
exercise was greater (1.21 rt 0.42 I/min) in the Day 10
tests compared with Day 0 (0.57 f 0.62 l/min) (P < 0.05).
No difference in CO at this time point was observed
between test days for the C group.
In the ET group the amplitude of the systemic vascular
conductance (CO/MAP)
at 5 min of exercise was greater
(P < 0.05) on Day 10 (0.022 f 0.01 l/min/mmHg)
compared with Day 0 (0.016 f 0.01 l/min/mmHg).
The corresponding values for the C group were 0.011 f 0.01 and
0.015 f 0.01 I/min/mmHg,
respectively (P > 0.05).
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during both dynamic [22] and static [23] exercise fail to
support this hypothesis. Whether sympathetic effects might
be changed by physical training also remains a matter of
debate. The vascular smooth muscle response to norepinephrine was reduced in rats which were endurancetrained for 6 weeks [24] although contradictory results
were observed in endurance athletes who had undergone
prolonged training [25]. These training-induced effects were
not measured in the present study. Neurally induced
cholinergic vasodilation has also been put forward as a
mechanism for the fast adaptation of blood flow in dogs
[26], but no such nerves have been found in either primates
or humans [27]. Overall, the involvement of a neural
component to the rapidly augmented limb blood flow with
exercise remains attractive but largely unclear.
Metabolites released from active skeletal muscle are
believed to be important in coordinating blood flow with
the metabolic demand [28] during exercise. However, this
response is believed to be too slow to account for the early
phase of vasodilation [28]. Importantly, short-term ET, as
used in this study, has been shown to reduce the phosphorylation potential and the production of certain metabolites
[29] that have been considered to be vasoactive. These
lines of evidence argue against a contribution of metabolites to the faster MBV and VC, responses. An interesting
counter-point to this might be that improved blood flow
responses early in exercise could account for the tighter
metabolic control observed following short-term training
[291.

Endothelial control of vascular smooth muscle tone has
been shown to affect vascular diameter within lo-20 s
following an increase in blood velocity and shear stress,
and to be affected by training. Two important vasodilators
produced and secreted by vascular endothelial tissue are
nitric oxide [30] and prostaglandins [31]. In rodents, endurance training for 2- 12 weeks resulted in a greater
dose-dependent vasodilation following topical applications
of acetylcholine to isolated arterial strips [3]. These adaptations appear to occur at all levels of the vasculature
[3,24,32,33] and their basis has been an increased rate of
nitric oxide production by vascular endothelial tissue
[3,24,33]. Although it has been reported that nitric oxide
[34] and prostaglandins [35] are minimally involved in
modulating vascular tone in healthy humans during
steady-state exercise, more recent evidence demonstrated
that infusion of a nitric oxide synthase blocker into the
brachial artery of an exercising forearm reduced steadystate blood flow by 20-30% [36]. It appears, therefore,
that the local release of these autacoids can modulate
exercise blood flow, but their role during the non-steady
states of exercise onset or recovery has yet to be investigated.
The augmented maximal vasodilatory capacity of peripheral vasculature following prolonged endurance training has been attributed to morphological changes [37]. To
date, there has been no evidence presented for changes in
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time courses, particularly when the response is so fast.
Nonetheless, it does appear that short-term ET does quicken
the MBV and VC, responses to KE exercise. An important observation was that the T,,, of the increase in MBV
and VC, was very short, usually occurring within the first
component of the response. These data were supported by
the observation that the MBV amplitude at 10 s of exercise
was significantly greater following ET.
By the data gathered from the present study it appears
that the mechanism(s) which respond to ET producing a
faster adaptation of MBV is (are) effective very early in
exercise. The blood flow response to exercise is dependent
not only on the change in cardiac output, but also on the
effect of the muscle pump and various vasoactive metabolites and hormones produced both locally and systemically,
all of which affect femoral artery vascular conductance.
Some of these may have contributed to the faster adaptation of femoral artery MBV observed here and, as such,
the possible contributions of each will be considered.
In writing Ohm’s law for the circulation as e = AP * C,
where d = blood flow, AP = pressure gradient across
the vascular bed, and C = conductance = l/resistance,
it is possible to examine both the AP and C contributions.
The role of any change in AP is complex. In the present
study, there was no significant difference in MAP from
Day 0 to Day 10 for the ET group even though the total
CO was increased after 10 days of training. Thus, there
was an increase in total conductance to maintain MAP. It
is not known if the elevated CO during the early phase of
KE exercise contributed to, or compensated for, the increase in VC,. The latter option suggests that peripheral
changes might be involved in the faster MBV kinetics with
training. It was also noted that, at 5 min of exercise, the
amplitude of VC, was not different between test days in
either the ET or C groups. Assuming that central venous
pressure was the same on each test day, this observation
suggests that, with training, vascular conductance through
inactive tissue was elevated also.
The pumping action of rhythmically contracting muscle
is believed to be a major contributor to the increased
vascular conductance with exercise [21]. Evidence from
humans [15] and dogs [20] suggests that much of the first
component of the increase in blood flow at the onset of
exercise is due to the mechanical effects of the muscle
pump. Whether or not such a mechanical effect on exercise
blood flow is sensitive to training is not known. However,
since the contraction rate, absolute workload, and posture
were held constant in this study, it is more likely that other
factors are involved in the observed changes to MBV and
wa.
The rapid increase in blood flow with a single contraction has caused investigation into the idea that a neural
component is involved in enhancing tissue perfusion. Sympathetic withdrawal to active tissue could result in a rapid
increase in perfusion of skeletal muscle. However, neurographic recordings of muscle sympathetic nerve activity
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capillary density within the IO-day training period investigated in the current study. If the observed adaptation to
MBV kinetics was due to either functional or morphological changes in arterial diameter, then the observed velocities would relate to larger blood flows than expected.
In summary, we have demonstrated that 10 days of
endurance training resulted in faster femoral artery MBV
and vascular conductance responses following a step increase in work rate. These data supported the hypothesis
that endurance training resulted in a faster adaptation of
blood flow to exercising muscle, and further showed that
this response occurred early in the training program. This
change in blood flow dynamics has important physiological implications for both the peripheral and central
mechanisms involved in mediating the vascular response
and for the metabolic consequences of increased perfusion
and oxygen delivery at the onset of exercise.
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